Abstract--The rates of release of AI by M NH~NO3 (pH 3) from minerals saturated with AI ions at pH 3 suggest that AI ions migrated from the surface layers and the matrix cores of kaolinite, montmorillonite, illite, and biotite, but only from the matrix core of muscovite mica. From the 0.25-0.5 p.m kaolinite and montmorillonite, part of the 'surface' A1 is released 'instantaneously' and the rest by first order kinetics, but the coarse 1.5-2.5 ttm kaolinite has only the former component. From illite and biotite, 'surface' A1 is released by 'bulk diffusion' kinetics suggesting the existence of disturbed peripheral layers of finite thickness. The diffusion coefficients, D,., for the matrix core follow the trend: mica = biotite > illite > montmorillonite > kaolinite.
INTRODUCTION
The determination of exchangeable A1 in acid soils and its differentiation from slowly released nonexchangeable AI has occupied the attention of many research workers. A method commonly used is successive extraction with an unbuffered salt solution (e.g., KCI, NH4CI, NH4NO3) adjusted to the soil pH (Skeen and Sumner, 1967; Sivasubramaniam and Talibudeen, 1972; Prakash and Bhasker, 1974; Cabrera and Talibudeen, 1977) . Bache and Sharp (1976a) attributed this slowly released AI to disordered aluminosilicates, A1 interlayers in vermiculite clays and organic AI complexes in soils. Not much attention has been paid however to similar measurements of the kinetics of A1 extraction from pure minerals such that rate parameters can be evaluated, especially for the 'slow release' reaction, and related to such measurements with acid soils.
The total exchangeable cations, including A1, displaced by unbuffered salt solutions from acid soils has been shown to be larger than the CEC measured by one of the standard methods (Lin and Coleman, 1960; Bache, 1970; Lim and Talibudeen, 1975) . This suggests that displaced AI ions have a charge <3+ per AI atom, i.e., they are adsorbed as partially hydrolyzed AI ions on mineral surfaces. From studies on the composition of the solution of A1 extracted from acid soils and clays, the existence of polymeric A1 species on mineral surfaces has been suggested (Chakravarti and Talibudeen, 1961; Bache, 1974; Dalai, 1975; Smith and Emerson, * Permanent address: Centro de Edafologla y Biologia Aplicada del Cuarto (C.S.I.C.), Sevilla, Spain. 1976). Also Brown and Newman (1973) demonstrated the adsorption by bentonite of a basic cation with OH/ AI ratio of 2.5. (For a comprehensive review see Coulter, 1969) . More recently Bache and Sharp (1976b) were able to distinguish analytically between mononuclear and polynuclear AI ions in soil solutions.
The work described hitherto (except Lin and Coleman, 1960; Smith and Emerson, 1976) has been on natural materials whose surface properties concerning adsorbed A1 are affected by their history. In our measurements we pretreated the various minerals so that they had a common background before kinetic extractions of AI commenced.
MATERIALS AND METHODS

Minerals
Some properties of the minerals used in this work are given in Table 1 . Specific surface areas (SA) were determined by the adsorption of ethylene glycol vapor (Rawson, 1969) . Cation exchange capacities (CEC) were determined by NH4 § adsorption as described below.
Al-saturation of the minerals
Ten milliliters of 0.1 N AI(NO3)3 solution adjusted to pH 3, were added to 0.5 g of the air-dry mineral with 0.2 g of glass beads (< 100 mesh) in weighed 15 ml polypropylene centrifuge tubes. After shaking overnight, the tubes were centrifuged at 20,000 g for 30 to 90 rain at 20 • I~ and the supernatant solution rejected. This treatment was repeated 3 times to ensure that the concentration and pH of the final supernatant were those of the added A1 solution. The tubes were then reweighed to determine the amount of entrained solution. All experiments were done in triplicate at 20 • 2~ 500 400 5"
300
.7 
Rates of Al extraction
The Al-saturated minerals were successively extracted with 10 ml aliquots of 1.0 M NH4NO3 at pH 3 by shaking for 1 hr on a Rolamix shaker, centrifuging at 17,000 rpm and decanting the supernatant solution for A1 analysis and pH measurement. The tubes were then reweighed to determine the A1 solution entrained in the solid. The AI extracted at each sampling time was obtained by correcting the total AI found in solution for this entrained A1. The whole process was repeated up to 28 hr. The NH4-saturated minerals were then washed several times with 10 ml aliquots of 95% ethanol to remove the entrained NH4NOz solution. The total N in the solids was determined after Kjeldahl digestion to give the CEC. Aluminum in the supernatant solutions was analyzed for by the method of Jayman and Sivasubramaniam (1974) .
RESULTS AND DISCUSSION
Rate of Al extraction
For all the minerals except mica, the curvilinear plot 'cumulative A1 extracted, Alt vs. (time) '/2' became linear after some time depending on the nature of the mineral. Kaolin A illustrates the behavior of kaolin B and montmorillonite, and illite that of biotite (Figure 1 ). These curves represent rate processes governing the extraction of at least two categories of A1 in the solid (i.e., A1 on the mineral surfaces and A1 in the octahedral layers; Figure 2a ). The linear part of the plot at t > 4 hr for kaolin A and t > 16 hr for illite (Figure 1 ) suggests that the slower process (Table 2 ) results from the exchange diffusion of protons inwards and A1 to the surface through the octahedral layer. The A1 exchanging from the surface layers at time t, Ale s~, is obtained by subtracting from Alt, that associated with the slower process, Alt~mL The total AI released thus, AI~ ~, is the intercept of the linear part of 'Alt:t ~/2' plot.
The release of AI from surface sites (velocity constant k,) by cation exchange with a large excess ofNH4 § can be expressed by the first order equation
The integrated form (boundary conditions t = 0, 0% (AI| ~s~ -AIt~'~/ALo ~' = 1, 0) gives a linear plot of 'In (AI~ ~" -Ald/Al~('r ' with zero intercept. Such a straight line plot is obtained for kaolin A and montmorillonite, but with a finite intercept indicating a very rapid exchange reaction before 1 hr, which accounts for 79% and 85% of the 'surface' A1 in kaolinite A and montmorillonite respectively. The first order rate constants are therefore calculated after correcting AI| r and Alt ~.' for this A1 released 'instantaneously' by our method of measurement (Table 2) . For the coarse kaolin B, nearly all (ca. 98%) of this 'surface' AI exchanges out 'instantaneously'.
The release of such rapidly exchanging 'surface' AI from illite and biotite does not follow equation (1). However, the 'Al~'~:t ~/2' plot is linear up to 17 and 10 hr of extraction, respectively, suggesting that 'surface' A1 is released from peripheral region of finite thickness by a 'bulk diffusion' process (Table 2 and Figure 2b ). The intercept of the 'Alt(s):t "z' plot is practically zero for biotite and 21 meq AP+kg -t for illite, indicating that in illite, about 7% of the 'surface' A1 is released 'instantaneously.' Therefore, little or no 'surface' A1 exchanges for NH4 + ions in these minerals. The possible nature of A1 ions released from these minerals in the initial faster reaction is discussed in the next section. Diffusion in the peripheral region of illite and biotite and in the mineral matrix of all the minerals can be represented by the diffusion equation (2), adapted from Crank (1956) . For cylindrically shaped mineral particles, the 'non-steady state' diffusion of AI ions radially outwards, where a vanishingly small concentration of A1 is maintained at the surface, is given by (Table 3) was calculated from the specific surface area (SA , Table 1 ), the density of the minerals (taken as 2.65 g cm -3) and assuming diameter: thickness ratios of 4 for kaolinite and 10 for smectite and micas (Talibudeen and Weir, 1972) . Values of M= for the diffusion of A1 from the surface layers of illite and biotite, AlJ s), were determined from the intercept of the 'Alt:t "2' plot as described earlier. (For iUite it was corrected for the 21 meq AP + kg -~ of 'surface' A1 'instantaneously' released.) For the AI diffusing from the mineral matrix, M= was taken as the total A1 content of each mineral, Air (Table 3) . Diffusion coefficients of AI in the surface layers of illite and biotite, Ds, are, respectively, about 104 and 102 times larger than their corresponding values for the mineral matrix, D,, ( Table 2 ). The Ds value for illite is larger than for biotite suggesting that the A1 in the peripheral layer is more easily dissolved from illite than Note: For all correlations, r 2 > 0.980"**. from biotite. For the slow process, Dm values (Table 3) follow the trend: biotite > illite > montmorillonite > kaolin B = kaolin A, indicating that the dissolution of the matrix A1 in M NH4NO3 of pH 3 decreases in this order. The D,, value for biotite is 104 times greater than for kaolinite. This sequence coincides with the weathering sequence given by Jackson et al. (1948) . One of the factors enumerated by Jackson et al. (1952) , responsible for this weathering sequence, is the "de-aluruination" of the aluminosilicates. Mica behaves differently from the other minerals. The initially constant slope at t < 5 hr of the 'Alt:t "v plot increases up to 16 hr of extraction and then becomes constant (Table 2) . We suggest that this initial increase is caused by the creation of new edge surfaces during the treatment with M NH4NO3 at pH 3 by the exfoliation and splitting of mica sheets (Figure 2 ). So the diffusion coefficient, Din, calculated (Table 3) is for AI released at times >16 hr with M= equal to the total A1 in the mica, and is the same as that for biotite.
Ionic composition of AI sorbed in 'surface' layers
The pH of the extracts were initially higher than that of the extractant, decreasing gradually to a value approximately constant and slightly different for each mineral (Table 4 and Figure 3 ). We attribute this initial increase of pH to more basic forms of A1 ions in the surface regions of the minerals than expected at pH 3 in solution (see also Chakravarti and Talibudeen, 1961, in clay minerals; Lim and Talibudeen, 1975, and Cabrera and Talibudeen, 1977, in acid soils) . The values of surface-held AI expressed as meq AP § are higher than the corresponding CEC, except with both kaolins for which they are equal within experimental error (Table 1 and 3) .
To calculate the proportions of various ionic AI species that could explain these observations, we have tested three models.
(i) Model A: Using the simplest, unpolymerized, forms of AP + and AI(OH) z+ as the two more important species at pH 3-4, together with CEC and surface-held AI values, two simultaneous equations were formulated. By solving these, positive values of AI :~+ and AIOH 2+ were obtained (Table 4) with montmorillonite and illite. With biotite an indeterminate negative value for AP + was obtained; indeterminate amounts of AI(OH) 2+ and AI(OH)2 + forms were also obtained if a corresponding model was fitted to the data.
(ii) Model B and C: The existence of monomeric species in acid A1 solutions has been questioned by many authors (Brosset, 1952; Brosset, Biedermann and Sil16n, 1954; Aveston, 1965; Stol, van Helden and de Bruyn, 1976) . Brosset et al. (1954) proposed that the main product of hydrolysis is [AIdOH)~,~] 3+ (Model B), whilst Aveston (1965) Our results were also analyzed on the basis of these species as unique hydrolysis products (Table 5) , showing that the discrepancies between CEC and AI values are more realistically explained by these models than by assuming the existence of unpolymerized species in Model A. Although precise values cannot be ascribed on the basis of these experiments, apparent 'surface' hydrolysis constants for montmorillonite, illite, and biotite were obtained for solid:solution ratios of 1:20 (Table 5) assuming that the adsorbed ions were distributed in the supernatant solution. To calculate this, we also assumed that the pH of the mineral:M NH4NO3 suspension in the reaction period up to 2 hr approximated closely to that resulting from the buffering action of hydrolyzed AI ions on the mineral surface. The values for the expressions log[A16(OH)~ 3+] -6 log[AP +] and log[Alm3(OH)J +] -13 log[A13 § were smaller, except for biotite (Figure 4 ), than those calculated from the hydrolysis constants,/3~s.6 = 10-47 in 2 M NaC104 at 20~ (Brosset et al., 1954) and/33z,,3 = 10 -~~ in M NaCIO4 at 25~ (Aveston, 1965) . (For the thermodynamic constant /3~s.6 "'~, Richburg and Adams, 1972 , gave a value of 10 -36 at 25-40~ This leads to apparent hydrolysis constants of A1 ions adsorbed at the surfaces of montmorillonite and illite that are smaller than those of A1 ions in solution (cf. Low, 1955 , for H-AI bentonite, Lim and Talibudeen, 1975, for acid soils, and Pyman et al., 1975, for A1 bentonite) . For biotite, however, the larger values of fl15.6 = 10 -36 and /332,,3 = 10 -68 result from abnormally large values of A1 determined in the equilibrium solution compared with those predicted by the 'Brosset et al.' and 'Aveston'/3 constants quoted above, suggesting that the correction for AI in the solution entrained during sample preparation was underestimated in the experiment.
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